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£^ (57) Abstract: Optical fiber diffusers for emitting light cylindrical^ along a length of the fiber diffuser (38) with preselected light 
intensity distributions along the length of the difiuser. The diffuser portion is defined by forming a distribution of scattering centers in 
^ a section of the optical fiber core (34) having a modulated index of refraction which acts to couple light radially out of the fiber along 
S me tuffuser section. The intensity distribution of light coupled out of the diffuser section of the fiber is controlled by controlling the 
profile of the modulated index of refraction, namely the coupling coefficient, along the length of the grating. Writing a grating into 
Q a multimode fiber provides a method of monitoring transmission in the fiber since some of the light can be coupled out and detected 
|^ and interrogated. The diffuser devices can be used as sensors, since they also couple light incident on the diffuser into the core where 
^ it is transmitted to a detector. 
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OPTICAL FIBER DIFFUSER 
FIELD OF THE INVENTION 

The present invention relates to optical fiber diffuser devices for 
emitting light along a length of the fiber diffuser, and more particularly the 
invention relates to optical fiber diffusers and methods of producing them 
with preselected light intensity distribution along the length of the diffuser. 

BACKGROUND OF THE INVENTION 

The use of optical fiber as a waveguide to deliver light from a light 
source to a remote location has long been considered desirable. A number of 
medical applications, such as photodynamic therapy, interstitial laser photo- 
coagulation or interstitial laser hyperthermia for tumor destruction, require a 
diffuser that emits laser light radially from the optical fiber. One of the main 
challenges of making such a device is to have the light emitted 
homogeneously along the length of the diffuser tip, especially for tips longer 
than 5.0 mm. In some applications the fiber diffuser needs to be thin enough 
to go through hollow-bore needles, catheters and endoscopes. 

Present cylindrical fiber diffusers use micro-beads or Rayleigh 
scatterers distributed along the fiber tip to scatter the light radially. The 
amount of light scattered can be controlled by the size and density of 
microbeads. The diffuser outer diameters range from 0.356 to 1 .4 mm 
(typically 1 mm). United States Patent Nos. 5,196,005 and 5,330,465 issued 
to Doiron et al. disclose such a diffuser tip having scattering centers 
embedded in a silicone extension that abuts the end of an optical fiber. The 
scattering centers are embedded in the silicone in such a way that they 
increase in density from the proximal end of the diffuser abutting the optical 
fiber to the distal end of the diffuser. United States Patent No. 5,269,777 
issued to Doiron et al. discloses a diffuser tip having a silicone core 
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attachable to the end of an optical fiber. The cylindrical silicone extension is 
coated with an outer silicone layer having scattering centers embedded 
therein. 

United States Patent No. 5,643,253 issued to Baxter et al. is directed 
5 to an optical fiber diffuser including an attachment that abuts the end of an 
optical fiber. The diffuser includes a cylindrical polymeric section in which 
scattering centers are embedded. 

United States Patent No. 4,986,628 issued to Lozbenko et al. teaches 
an optical fiber diffuser attachment that abuts tye end of an optical fiber. The 

10 diffuser is made of an optically turbid medium which may be polymer based 
which is contained in a protective envelope or sheath that slides over the end 
of the optical fiber. 

United States Patent No. 5,207,669 issued to Baker et al. discloses an 
optical fiber diffuser tip that abuts the end of an optical fiber for providing 

15 uniform illumination along the length of the diffuser tip. The diffuser section is 
produced by thinning the higher refractive index cladding surrounding the 
multimode fiber core so it has a thickness less than the penetration depth of 
the evanescent field to permit penetration of the cladding by the evanescent 
fields along the diffuser section. Some of the light propagating down the fiber 

20 core will therefore be emitted and some reflected back into the core at each 
point along the diffuser tip. 

Single mode fibers with weak tilted phase gratings that couple light out 
of the fiber have been disclosed in T. Erdogan and J.E. Sipe, Tilted Fiber 
Phase Gratings, J. Opt. Soc. Am. A/Vol. 13, No. 2/February 1996. 

25 There are several inherent disadvantages of these types of diffusers 

including difficulty in achieving illumination homogeneity for long diffusers, 
and that typically they are non-Lambertian emitters, many are restricted to 
use at the ends of the optical fiber, and the diffuser tips can break loose at 
high light intensity as have been observed and they are relatively expensive 
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in that separate diffuser tips have to be produced and adjoined to the end of 
the optical fiber. 

Therefore, there is a need for optical diffusers that approximate 
Lambertian emission, are not limited to the ends of the fiber and do not 
5 require the assembly of separate component parts. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an optical fiber 
diffuser device that can be produced in any portion of an optical fiber. It is 

10 also an objective of the present invention to provide an optical fiber diffuser 
device that is integrally formed with an optical fiber. 

An advantage of the optical fiber diffuser devices constructed in 
accordance with the present invention is that they can be produced with 
variable intensity distributions along the length of the diffuser as required for 

15 the particular application for which the diffuser is designed. Another 

advantage of the diffusers is they are not attached to the end of the fiber as a 
separate piece but are formed anywhere along the optical fiber as part of the 
fiber itself. 

The present invention provides an optical fiber diffuser device 
20 comprising; 

an optical fiber having a core and a cladding surrounding the core, a 
distribution of scattering centers embedded in the core along a preselected 
length thereof defining a diffuser portion, the distribution of scattering centers 
having an effective density along said preselected length of the core for 
25 coupling optical radiation radially outwards from the diffuser portion with a 
preselected intensity distribution as a function of distance along the 
preselected length of the diffuser portion. 

In this aspect of the invention the optical fiber may be a multimode 
optical fiber and the distribution of scattering centers may include a fiber 
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grating comprising an effective modulated index of refraction profile along the 
preselected length of the core. 

In another aspect of the invention there is provided an optical fiber 
device for delivery of photothermal energy, comprising: 
5 a multimode optical fiber having a core and a cladding surrounding the 

core, a distribution of scattering centers embedded in the core along a 
preselected length thereof defining a diffuser portion, the distribution of 
scattering centers having an effective density along the preselected length of 
the core for coupling optical radiation radially outwards from the diffuser 
10 portion with a preselected intensity distribution as a function of distance 
along the preselected length of the diffuser portion; and 

a source of optical radiation connected to one end of the multimode 
optical fiber. 

In this aspect of the invention the optical fiber may be a multimode 
15 optical fiber and the distribution of scattering centers may include a fiber 

grating comprising an effective modulated index of refraction profile along the 
preselected length of the core. The fiber grating may be either a long period 
or a short period grating. 

In another aspect of the present invention there is provided a method 
20 of producing an optical fiber diffuser device, comprising: 

providing an optical fiber having a core and a cladding surrounding 
said core; and 

calculating a coupling coefficient to produce a preselected intensity 
distribution of optical radiation to be radially emitted along a preselected 
25 length of the optical fiber; and 

producing at least one distribution of scattering centers having an 
effective density along said preselected length of the core of the optical fiber 
for coupling optical radiation radially outwards from said diffuser portion with 
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said preselected intensity distribution as a function of distance along the 
length of the diffuser portion. 

The present invention also provides an optical sensor, comprising: 

a light detection means; and 
5 an optical fiber connected to the light detection means, the optical 

fiber having a core and a cladding surrounding said core and including at 
least one distribution of scattering centers in a preselected length of the core, 
the distribution of scattering centers having an effective density along the 
preselected length of the core for optically coupling a fraction of light incident 
10 on the diffuser portion into the core which is transmitted to the light detection 
means. 

In another aspect of the present invention there is provided a method 
of monitoring light signals transmitted along an optical fiber, comprising: 

forming a distribution of scattering centers in a preselected length of 
15 an optical fiber, the distribution of scattering centers having an effective 
coupling strength to couple some of the light transmitted along core of the 
fiber out of the fiber and having an effective modulated index of refraction 
along the preselected length to give a desired intensity distribution of light 
emitted radially from the fiber; and 
20 detecting light emitted from the fiber. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will now be described, by way of non-limiting examples 
only, reference being had to the accompanying drawings, in which: 

Figure 1 illustrates a multimode fiber with a grating-type diffuser 
5 formed in accordance with the present invention; 

Figure 2 is a top view of a 50%-50% duty cycle uniform amplitude 
mask used for writing gratings in one embodiment of a the optical diffuser; 

Figure 3 shows a 50%-50% duty cycle chirped amplitude mask used 
for writing gratings in another embodiment of an optical diffuser; 
10 Figure 4 shows an optical illumination system including an optical fiber 

with a fiber diffuser formed at one end portion thereof; 

Figure 5a is a plot of coupling coefficient as a function of position 
along a diffuser for emitting a uniform intensity along the diffuser; 

Figure 5b shows a constant intensity distribution along a length of a 
1 5 fiber diffuser for the diffuser of Figure 5a; 

Figure 6 is a plot of coupling coefficient as a function of position along 
a diffuser for emitting an intensity profile having a Gaussian distribution along 
the diffuser; 

Figure 7 shows a Gaussian intensity distribution along a length of a 
20 fiber diffuser produced with the coupling coefficient of Figure 6; 

Figure 8 is a diagrammatic representation of an optical diffuser with a 
buffer re-coat applied to the diffuser portion of the fiber containing fine 
particles for further scattering of light coupled out of the core; 

Figure 9a is a polar plot of intensity distribution of light emitted from a 
25 grating-type fiber diffuser with the grating written from only one side of the 
fiber and with a polymer re-coat comprising Si0 2 powder; 

Figure 9b shows an azimuthal plot of intensity distribution for the same 
fiber as in Figure 9a; 
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Figure 9c illustrates a combined polar and azimuthal plot of intensity 
distribution for a 3 mm length grating-type optical diffuser produced by writing 
the grating in twice, the grating being re-written the second time after the 
fiber was rotated 90° with respect to the laser beam; 

Figure 10 shows an alternative embodiment of a fiber diffuser 
constructed according to the present invention; 

Figure 1 1 shows another alternative embodiment of a fiber diffuser; 

and 

Figure 12 is a diagrammatic illustration of another embodiment of an 
optical fiber diffuser constructed in accordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a method of producing fiber diffusers 
directly in optical fibers thereby avoiding the deficiencies associated with 
separate fiber diffusers that are attached on the end of an optical fiber. When 
a focussed UV beam, for example from a KrF excimer laser, hits a single 
mode or multimode photosensitive fiber, a local change is induced in the 
refractive index of the fiber core. As the power of the UV beam and/or the 
exposure time increases, the intersection regions between areas of the fiber 
core exposed to the UV light and areas not exposed will begin to scatter light 
out of the fiber core if light is being transmitted down the fiber. Similarly, 
regions at the core/cladding interface exposed to the UV light may also act as 
scattering centers for light being transmitted down the core. This out-coupling 
of the guided light from the fiber core is due to the abrupt change in refractive 
index inside the core and/or due to physical defects generated at the core- 
cladding interface. The out-coupling of light from the fiber core increases with 
the total UV exposure. 

When an appropriate distribution of these scattering centers is created 
in a section of an optical fiber, a very efficient fiber optical diffuser is 



achieved. In achieving the desired performance from the diffuser, the relative 
spatial relationship of scattering centers is not critical, but rather the 
distribution of the density of scattering centers. While the location and the 
strength of the scattering centers can be locally random with an overall 
density distribution giving rise to the desired optical diffusion, the preferred 
embodiments discussed below pertain to relatively uniform structures due to 
their ease of use and the nature of available phase and amplitude masks 
used for writing fiber structures. 

One exemplary method of producing the fiber diffusers disclosed 
herein is based on producing a modulated index of refraction along a length 
of the core of a singlemode or multimode fiber, n + An, in which n is the 
refractive index of the core and An is the change of the index. This portion of 
the fiber containing the modulated refractive index acts as a diffuser. The 
modulated refractive index portion of the fiber, referred to as a grating-type 
diffuser, is analagous to either a short period (Bragg) or a long period 
grating, depending on the period of the index modulation. 

The refractive index modulation is typically produced by a uniform UV 
laser beam irradiating an optical fiber through an amplitude mask or a phase 
mask, or is produced by imprinting on the fiber an interference pattern 
generated by two-beam interference with a UV laser, to give a modulated 
index of refraction where n is the change of the index caused by the UV laser 
irradiation on a photosensitive single mode or multimode optical fiber. It is 
also possible, though not commonly done, to write the structure in a point by 
point fashion with a tightly focussed UV beam. 

The so called Bragg or short-period grating, normally but not 
exclusively associated with a single mode optical fiber, comprises a periodic 
refractive index modulation along a portion of the single mode fiber with a 
periodicity of the order of 0.5 urn. These short period gratings are typically 
produced with phase masks. The Bragg grating couples the forward guided 
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mode into a backward guided mode and is therefore commonly referred to as 
a reflective filter. 

As discussed above, the fiber Bragg grating comprises a periodic 
change in refractive index along the core of the fiber. These Bragg gratings 
5 are specifically designed to reflect specific wavelengths. At each period, a 

portion of the guided optical wave is reflected, interfering with other reflected 
components from the other periods in a constructive manner, see for example 
Meltz, G., Morey, W. W., Glen, W. H., "Formation of Bragg Gratings In 
Optical Fibers By Transverse Holographic Method", Opt. Lett. 14(15) 813 
10 (1 989). In the present method the gratings are designed to couple light of all 
wavelengths out of the fiber, not to reflect specific wavelengths. 

The technique used to imprint such a grating requires that the fiber be 
transversely exposed to a high power UV light. When the UV light passes 
through the phase mask put in front of the fiber, an interference pattern is 
15 produced, creating a structural change in the fiber core, which results in a 

permanent and stable modification of its refractive index. The refractive index 
profile through this portion reflects the properties of the phase mask. 

In contrast to short period gratings, long period gratings have periods 
ranging anywhere from 20 jam to over 600 urn. Because the period is not of 
20 the order of the wavelength of the light, such a grating does not function as a 
reflective filter at any wavelength. To make gratings with these longer 
periods, the pattern can be laser machined directly as an amplitude mask, 
through which the fiber is illuminated by the UV laser. Other methods such 
as chemical etching or direct machining may be used to produce the 
25 amplitude masks. The amplitude masks are considerably less expensive and 
easier to use than phase masks. 

In addition to differentiating gratings as short or long period, two 
distinct types of photo-induced changes have been identified based on 
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different exposures of UV light energy. Type I gratings are based on the UV 
color center photosensitivity process. Type II gratings are based on the 
process of a UV-induced damage in the core-cladding interface area. In type 
II gratings, coupling between the guided core mode(s) and cladding modes 
can result in the light being coupled out from the fiber core into free space. 
Type I gratings are considered to be weaker gratings in the sense there is 
less of an abrupt refractive index change at the cladding/core interface. 
Conversely, type II gratings are much stronger gratings characterized by a 
much more abrupt change in refractive index at the cladding/core interface. 
These stronger gratings ensure significant light intensity is coupled or 
emitted out of the fiber. 

The inventors have noted that type I gratings in multimode fibers also 
couple light out of the fiber but this configuration is characterized by much 
lower intensities, which may be useful for emitting light over very long lengths 
of the fiber. For medical PDT applications the much stronger type II gratings 
formed in the multimode fibers are preferred to give significantly higher 
emitted light intensities over shorter distances (typically up to several cm). 
Further, the inventors have noted that type I and type II also weakly couple 
light out of single-mode fibers, again with multimode fibers being the 
preferred embodiment. Therefore the present invention encompasses optical 
fiber diffuser devices with both long and short period gratings where both 
long and short period gratings may be type I or type II strength gratings. 

Figure 1 shows a grating-type diffuser consisting of a grating 16 in a 
multimode optical fiber 12. The optical fiber 12 includes a fiber core 14 
surrounded by a cladding 24 and a protective buffer layer 26. Long or short 
period gratings are generated in the fiber core 14, with a non-uniformity 
across the core dependant on the diameter of the core and focussing 
parameters of the UV laser beam used to write the grating. The gratings are 
written in by first removing the buffer layer 26 along the length of the 
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proposed diffuser. The grating is then written in, discussed more fully 
hereinafter, after which a buffer re-coat 26' is reapplied to the fiber. The 
present diffusers are just as flexible as normal communication fiber when the 
diffuser portion of the fiber is re-coated with buffer layer 26'. 

The gratings in the present multimode fiber case are preferably 
created with much stronger refractive index modulations, preferably type II 
gratings as discussed hereinafter. Light is coupled by these strong gratings 
at the fiber core and cladding interface radially out of the diffuser portion. 

In a preferred embodiment of the invention, an amplitude mask is used 
to produce long period gratings. Referring to Figure 2, an amplitude mask 
comprises an array of narrow slits or windows through which the laser beam 
passes into the fiber core. Exemplary, non-limiting masks used have included 
masks with 160 micron period, 50%-50% duty cycles, and result in an optical 
diffuser with good intensity distribution along the length of the diffuser. 
Amplitude masks with periods of down to 20 microns or less may be 
fabricated by laser micro-machining. 

The intensity distribution of the UV laser light source may be 
controlled by passing the laser beam through an envelope-type amplitude 
mask prior to the light beam being focussed onto the optical fiber through the 
amplitude mask. 

An alternative method is to use a chirped amplitude mask which 
results in a chirped grating. The chirped amplitude mask shown in Figure 3 is 
provided with varying window or slit periods along the length of the mask so a 
chirped grating with a modulated index of refraction commensurate with the 
mask is obtained. The use of a chirped grating type of diffuser is very 
advantageous because natural reduction in the intensity of light out-coupled 
along the length of the diffuser is compensated by an increased density of 
light-scattering-centers (i.e. modulation of the number of light out-coupling 
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points per unit length) along the diffuser inherently available with a chirped 
grating. 

A significant advantage of using an amplitude mask compared to using 
a phase mask is cost since phase masks are typically much more expensive 
to produce than amplitude masks. A further advantage is that amplitude 
masks are far less susceptible to damage and are therefore easier to handle 
and maintain. 

An optical fiber diffuser device constructed in accordance with the 
present invention is shown generally at 30 in Figure 4. The device includes a 
single or multimode optical fiber 32 having a fiber core 34 and cladding 35 
(see the enlarged detailed section) and a screw mount assembly (SMA) 
connector 36 (or other standard connector) at one end of the fiber. The 
optical diffuser portion 38 of desired length L is formed at one end of the 
fiber. The diffuser 38 may comprise a long or short period grating or a 
predetermined density of scattering centers formed in the optical fiber 32. A 
laser beam at the desired wavelength is launched into optical fiber 32 
through a fiber connector 36. The laser light is guided through the lead fiber 
32 with a negligible loss and coupled out through diffuser 38 with the diffuser 
acting as a Lambertian emitter of optical radiation (typically 187 nm to about 
10 microns wavelength). The end of the diffuser 38 may be terminated by an 
end coated silver mirror, or simply terminated in a cleaved end. 

The amount of light coupled out of the fiber portion defining the 
diffuser is dependent on the strength and period of the grating (or strength 
and density of scattering centers). In the following discussion, reference is 
made to a grating-type diffuser, with the understanding that the principles 
also apply to any appropriate distribution of scattering centers written in the 
fiber core to form a diffuser. If the strength of the grating forming the diffuser 
is kept constant along the length of the diffuser, the total light intensity 
coupled out along the diffuser will follow the Beer-Lambert Law: 
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I = l 0 [l-exp(-KL)] (eq. 1) 

where I is the light intensity coupled out from the side of the fiber core, l 0 is 
the light intensity in the fiber core before the grating, K is the coupling 
coefficient and is proportional to the refractive index change (n) as well as 
the density of scattering centers or grating period, and L is the length of the 
diffuser. 

The intensity distribution of light coupled out of the diffuser may be 
controlled by controlling the coupling coefficient along the diffuser. For 
example, a grating that couples light uniformly out of the fiber core along the 
length of the diffuser may be produced using a diffuser with a coupling 
coefficient K as shown in Figure 5a with Figure 5b showing the 
corresponding intensity distribution as a function of normalized position along 
the diffuser. Specifically, since the coupling coefficient increases with the 
fluence of the UV laser used to imprint the fiber gratings, by varying either 
the energy or the repetition rate of the laser pulses along the length of the 
grating, the coupling coefficient can be increased along the fiber as shown in 
Figure 5a (which shows a smoothed or idealized refractive index change (n) 
profile). A similar result can be achieved using a constant laser fluence by 
varying the density of scattering centers either through directly writing the 
pattern with a focussed laser or by writing a chirped grating. Thus, using the 
method of the present invention it is possible to custom design the coupling 
coefficient K as a function of location along the grating, and hence modulate 
the light output along the diffuser in any preselected profile. 

In some medical applications it may be desirable to have a strong light 
dose that illuminates the center of a tissue volume and a reduced light dosage 
towards the edge similar to the Gaussian intensity distribution shown in Figure 
7. This can be achieved using a diffuser designed with a coupling coefficient as 
shown in Figure 6. 
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Of particular importance in the production of diffusers is the ability to 
obtain an intensity distribution which does not exhibit directionality. Diffusers 
that use embedded scattering centers are not Lambertian emitters but rather are 
characterized by a cone of light emitted in the direction of propagation down the 
fiber with the fiber acting as a cylindrical axis. This directionality of the emitted 
light in these diffusers is problematic in for example photodynamic therapy 
(PDT) applications in respect of positioning the diffusers to irradiate the desired 
region of tissue. 

The inventors have found that when the diffuser is comprised of a grating, 
the directionality in the azimuthal direction is improved as the planes of the 
grating tend to reflect a portion of light in the backward direction, thus greatly 
decreasing the bias towards forward scattering. However, due to the UV light 
being focussed onto the fiber from one side thereof during the writing of the 
grating, the intensity distribution of the light coupled out of the fiber is not very 
symmetrical about the fiber in the polar direction, rather a significant fraction of 
the light is coupled out in both polar directions in the plane containing the fiber 
and the incident UV laser beam. The inventors have discovered that this effect 
can be greatly reduced, resulting in a much more uniform polar distribution, by 
writing in the grating by illumination in one direction then rotating the fiber 
through an angle and repeating the writing process along the same length of the 
diffuser portion from another direction. The more times the fiber is rotated and 
the grating rewritten the more uniform the intensity distribution. For example, 
writing in the grating two times with the fiber rotated 90° between writings 
produces a diffuser with an intensity distribution more uniform than obtained 
with a grating written in once from one direction. Similarly, three writings with the 
fiber rotated 60° each time provides a slightly more uniform distribution than 
obtained with two rotations. 

In order to avoid absorption of UV radiation by the protective buffer layer 
during the process of writing in the grating, the buffer is first removed. Once the 
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grating is written into the core a buffer layer is reapplied over the fiber. Referring 
to Figure 8, in order to further improve the uniformity of the intensity distribution 
of light emitted from the diffuser, the polymer re-coat 150 preferably contains 
scattering centers 152 comprising micron or submicron sized, non-light 
absorbing particles such as silicon dioxide or titanium dioxide powder. The 
particles are thoroughly mixed with the polymer and the mixture is applied to the 
bare section of the fiber, where it is cured. Figure 8 shows the resulting milky- 
colored new buffer layer 150 containing the scattering centers further scatters 
and randomizes the light coupled out of the fiber core 14 thereby 
advantageously enhancing the uniformity of the intensity distribution both in the 
polar and azimuthal directions. 

The improvement in the intensity distribution using diffusers having 
multiple written gratings and using a polymer re-coat containing particulates for 
scattering are shown in Figures 9a, 9b and 9c. Figure 9a is a polar plot of 
intensity distribution about the fiber diffuser with the grating written in once but 
with a polymer re-coat comprising Si0 2 powder. Figure 9b shows the azimuthal 
plot of intensity distribution for the same fiber as in Figure 9a. Figure 9c shows 
a combined polar and azimuthal plot of intensity distribution for a 3 mm length 
optical diffuser produced by writing the grating in twice, the grating being re- 
written the second time after the fiber was rotated 90° with respect to the laser 
beam. The fiber was re-coated after the grating was written in using a polymer 
comprising Ti0 2 powder. The plot demonstrates the excellent angular uniformity 
achievable on combining the described methods. 

Diffusers having specially tailored light distribution patterns along the 
length of the diffuser can be designed since the amount of light coupled out of 
the fiber is determined by the strength of the refractive index modulation. 
Regardless of the intensity of light radially emitted along the length of the 
diffuser portion, the present diffusers approximate Lambertian emitters. 
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Also, with the diffusers disclosed herein, light can be emitted over very 
long fiber lengths (meters) albeit with very low light intensities using type I weak 
gratings while on the other hand with type II strong gratings much higher 
intensities are achievable over shorter distances. The present multimode optical 
fiber diffusers disclosed herein have been produced having a length preferably 
in a range from about 1 mm to about 10 cm although longer gratings up to 50 
cm can be readily fabricated. 

The present fiber diffusers may be constructed with a diameter small 
enough to allow them to be fitted into housings or other functional devices such 
as endoscopes, catheters or thin hollow-bore needles (for example fiber 
diffusers can be produced with an outer diameter as small as 125 pm) for 
insertion into tissue/tumors. There are numerous biomedical applications of the 
fiber diffuser disclosed herein including photodynamic therapy (PDT) and other 
nonthermal therapeutic applications using light energy for medical procedures. 
The fibers may be attached to an outside surface of the catheter, or located on 
an interior of the catheter or integrated directly into the wall of the catheter. The 
fiber diffusers are capable of handling relatively high optical power since no 
absorbing materials are required in construction of the diffusers. 

It will be understood that the optical fiber diffusers disclosed herein have 
applicability to numerous other technologies outside of biomedical applications, 
for example any application requiring light emitted along a desired length may 
be used. 

In addition, multiple spaced isotropic diffusers may be written into any 
section of the fiber spaced from the end portion of the fiber. Figure 10 shows an 
embodiment of a fiber diffuser at 60 constructed in accordance with the present 
invention comprising a multimode fiber 62 having several diffuser sections 64 
spaced along the fiber. Figure 1 1 shows another fiber diffuser at 70 wherein a 
portion of the cylindrical fiber 72 has been coated with a mirror 74 to reflect light 
that would be emitted from that portion of the fiber out of the uncoated portion. 
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An alternative method to fabricating optical diffusers is to write an 
appropriate density of scattering centers in the fiber core. Referring to Figure 
12, scattering centers 170 are produced point-by-point in the core using a 
focussed UV laser beam to produce the scattering centers. The desirable 
intensity pattern of the diffuser can be achieved through point by point writing 
or by projecting the desired pattern using masks or image reduction techniques. 

It will be understood by those skilled in the art that the present method 
of producing optical diffusers comprised of gratings or scattering centers within 
the optical fiber may also be used to provide a means of accessing the contents 
of the fiber. Writing a diffuser in a section of an optical fiber allows one to couple 
out at that point in the fiber some of the light signal propagating in the fiber. 
Thus the present invention provides a method of monitoring or testing; at any 
position in the fiber by creating a very short section of diffuser at that position. 
The emitted light signals would be detected using a detector and the signals 
interpreted using a signal processor. 

It will also be understood by those skilled in the art that the optical 
diffusers disclosed herein may be used to produce sensors for detecting light 
incident on the fiber at any position along the diffuser portion of the fiber. The 
process of coupling a light signal back into the fiber is not highly efficient but 
nevertheless some of the light incident on the diffuser will be captured and will 
propagate and be guided along the fiber core to be interrogated by a detector. 
A sensor based on this type of configuration is very advantageous in, for 
example, hostile environments not amenable to expensive detectors. 

The foregoing description of the preferred embodiments of the invention 
has been presented to illustrate the principles of the invention and not to limit 
the invention to the particular embodiments illustrated. It is intended that the 
scope of the invention be defined by all of the embodiments encompassed 
within the following claims and their equivalents. 
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THEREFORE WHAT IS CLAIMED IS: 

1 . An optical fiber diffuser device, comprising: 

an optical fiber having a core and a cladding surrounding said core, a 
distribution of scattering centers embedded in said core along a preselected 
length thereof defining a diffuser portion, said distribution of scattering 
centers having an effective density along said preselected length of said core 
for coupling optical radiation radially outwards from said diffuser portion with 
a preselected intensity distribution as a function of distance along said 
preselected length of said diffuser portion. 

2. The optical fiber diffuser device according to claim 1 wherein said 
optical fiber is a multimode optical fiber. 

3. The optical fiber diffuser device according to claim 2 wherein said 
distribution of scattering centers includes a fiber grating comprising an 
effective modulated index of refraction profile along said preselected length 
of the core. 

4. The optical fiber diffuser device according to claim 3 wherein said 
grating is one of a type I short period grating and a type II short period 
grating. 

5. The optical fiber diffuser device according to claim 3 wherein said 
grating is one of a type I long period grating and a type II long period grating. 

6. The optical fiber diffuser device according to claim 3 wherein the index 
of refraction profile is selected to produce a substantially uniform intensity 
output along the length of the diffuser portion. 
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7. The optical fiber diffuser device according to claim 3 wherein the index 
of refraction profile is selected to produce a substantially Gaussian intensity 
output along the length of the diffuser portion. 

8. The optical fiber diffuser device according to claim 3 wherein said 
diffuser portion is a first diffuser portion, and including at least two diffuser 
portions spaced apart along the optical fiber. 

9. The optical fiber diffuser device according to claim 3 wherein a portion 
of the cladding surrounding said diffuser portion is coated with a mirror. 

10. The optical fiber diffuser device according to claim 3 wherein the 
diffuser emits light with a substantially Lambertian intensity distribution. 

1 1 . The optical fiber diffuser device according to claim 3 wherein a buffer 
enveloping said preselected length defining said diffuser portion contains 
particles for scattering light coupled out of said core. 

12. The optical fiber diffuser device according to claim 5 wherein a buffer 
enveloping said preselected length defining said diffuser portion contains 
particles for scattering light coupled out of said core. 

13. The optical fiber diffuser device according to claim 5 wherein a buffer 
enveloping said preselected length defining said diffuser portion contains 
particles for scattering light coupled out of said core. 

14. The optical fiber according to claim 1 1 wherein said particles have 
mean diameters in a range from submicrons to microns, and wherein said 
particles are substantially nonabsorbing. 
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15. The optical fiber diffuser device according to claim 3 wherein said 
grating is a chirped grating. 

16. The optical fiber diffuser device according to claim 3 wherein said 
diffuser portion has a length in a range from about 1 mm to about 50 cm. 

17. An optical fiber diffuser device for delivery of light energy, comprising: 
a multimode optical fiber having a core and a cladding surrounding 

said core, a distribution of scattering centers embedded in said core along a 
preselected length thereof defining a diffuser portion, said distribution of 
scattering centers having an effective density along said preselected length 
of said core for coupling optical radiation radially outwards from said diffuser 
portion with a preselected intensity distribution as a function of distance 
along said preselected length of said diffuser portion; and 

a source of optical radiation connected to one end of the multimode 
optical fiber. 

18. The device according to claim 17 wherein said distribution of scattering 
centers includes a fiber grating comprising an effective modulated index of 
refraction profile along said preselected length of the core. 

19. The device according to claim 18 wherein said grating is one of a type 
I short period grating and a type II short period grating. 

20. The device according to claim 18 wherein said grating is one of a type I 
long period grating and a type II long period grating. 
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21 . The device according to claim 1 8 wherein said diffuser portion is a 
first diffuser portion, and including at least two diffuser portions spaced apart 
along the optical fiber, each diffuser portion including a type II grating. 

22. The device according to claim 18 wherein the the index of refraction 
profile is modulated to produce a substantially Lambertian intensity 
distribution along the length of the diffuser portion. 

23. The device according to claim 18 wherein the index of refraction 
profile is modulated to produce a substantially uniform intensity output along 
the length of the diffuser portion. 

24. The device according to claim 18 wherein the index of refraction 
profile is modulated to produce a substantially Gaussian intensity output 
along the length of the diffuser portion. 

25. The device according to claim 18 including a housing holding at least a 
portion of the optical fiber. 

26. The device according to claim 25 including adjustment means for 
extending and retracting the diffuser portion of the optical fiber. 

27. The device according to claim 26 wherein the housing is a hollow-bore 
needle. 

28. The device according to claim 26 wherein the housing is an endoscope. 
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29. The device according to claim 25 wherein said housing is a catheter, 
said fiber being attached to an outside surface of said catheter, or located on 
an interior of said catheter or built into a wall of said catheter. 

30. A method of producing an optical fiber diffuser device, comprising: 

providing an optical fiber having a core and a cladding surrounding 
said core; and 

calculating a coupling coefficient to produce a preselected intensity 
distribution of optical radiation to be radially emitted along a preselected 
length of the optical fiber; and 

producing at least one distribution of scattering centers having an 
effective density along said preselected length of the core of the optical fiber 
for coupling optical radiation radially outwards from said diffuser portion with 
said preselected intensity distribution as a function of distance along the 
length of the diffuser portion. 

31 . The method according to claim 30 wherein said optical fiber is a 
multimode optical fiber. 

32. The method according to claim 31 wherein said distribution of 
scattering centers includes a fiber grating comprising an effective modulated 
index of refraction profile along said preselected length of the core. 

33. The method according to claim 32 wherein said grating is one of a 
type I short period grating and a type II short period grating. 

34. The method according to claim 32 wherein said grating is one of a type 
I long period grating and a type II long period grating. 
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35. The method according to claim 32 wherein said fiber grating is 
produced using an amplitude mask. 



36. The method according to claim 35 wherein said amplitude mask is a 
chirped amplitude mask. 

37. The method according to claim 32 wherein said effective modulated 
index of refraction profile along said preselected length of the core is 
produced by aligning said fiber behind the amplitude mask illuminating said 
preselected length of the core through said amplitude mask for an effective 
period of time. 

38. The method according to claim 37 wherein after illuminating said 
preselected length of the core said optical fiber is rotated a preselected 
amount and said preselected length of the core is irradiated for said effective 
period of time. 

39. The method according to claim 31 wherein said coupling coefficient is 
selected to give a substantially uniform intensity distribution along the length 
of the diffuser portion. 

40. The method according to claim 31 wherein said coupling coefficient is 
selected to give a Gaussian intensity distribution along the length of the 
diffuser portion. 

41 . The method according to claim 31 wherein the step of producing at 
least one diffuser portion includes producing a plurality of diffuser portions 
spaced along the optical fiber. 
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42. An optical sensor, comprising: 
a light detection means; and 

an optical fiber connected to the light detection means, the optical 
fiber having a core and a cladding surrounding said core and including at 
least one distribution of scattering centers in a preselected length of the core, 
said distribution of scattering centers having an effective density along said 
preselected length of said core for optically coupling a fraction of light 
incident on the diffuser portion into the core which is transmitted to said light 
detection means. 

43. The sensor according to claim 42 wherein said distribution of 
scattering centers includes a fiber grating comprising an effective modulated 
index of refraction profile along said preselected length of the core. 

44. The sensor according to claim 43 wherein said grating is one of a type 
I short period grating and a type II short period grating. 

45. The sensor according to claim 43 wherein said grating is one of a type I 
long period grating and a type II long period grating. 

46. A method of monitoring light signals transmitted along an optical fiber, 
comprising: 

forming a distribution of scattering centers in a preselected length of 
an optical fiber, the distribution of scattering centers having an effective 
coupling strength to couple some of the light transmitted along core of the 
fiber out of the fiber and having an effective modulated index of refraction 
along the preselected length to give a desired intensity distribution of light 
emitted radially from said fiber; and 

detecting light emitted from said fiber. 
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47. The method according to claim 46 including using signal processing 
means to interpret the light emitted from said fiber. 

48. The method according to claim 47 wherein said distribution of 
scattering centers includes a fiber grating comprising an effective modulated 
index of refraction profile along said preselected length of the core. 

49. The method according to claim 48 wherein said grating is one of a 
type I short period grating and a type II short period grating. 

50. The method according to claim 48 wherein said grating is one of a type 
I long period grating and a type II long period grating. 

51 . The optical fiber diffuser device according to claim 1 wherein said 
optical fiber is a single mode optical fiber, and wherein said fiber grating is 
one of a type I short period grating, a type II short period grating, a type I 
long period grating and a type II long period grating. 
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